ABSTRACT This paper presents the alternate Rician shadowed (ARS) fading model, a new statistical channel model that consists of two fluctuating specular components of which only one is active at a time. When a diffuse component is added, it can be regarded as a mixture of two Rician shadowed fading models. The ARS model has the advantage of providing either left-sided or right-sided bimodality (i.e., two-sided bimodality), depending on its shape parameters. This characteristic is not found in classical fading models, or even in more recent ones such as the two wave with diffuse power (TWDP) and the fluctuating two ray (FTR) models. This makes it suitable for fitting the bimodal fading distributions measured in systems, such as body-centric wireless links or land mobile satellite. To yield a mathematically tractable model, this research derives exact closed-form expressions for the following chief probability functions: 1) probability density function (PDF); 2) cumulative density function (CDF); and 3) moment generating function (MGF). The results obtained are used to analyze the performance of wireless communication systems subject to the ARS fading in terms of outage probability, ergodic capacity, and bit error rate. In addition, we show that the model provides a better fit for experimental measurements in body-centric scenarios than those reported in the literature.
I. INTRODUCTION
One of the key problems in the design of wireless communication systems is the statistical characterization of the small-scale random fluctuations in the level of the received signal due to the interaction between specular and diffuse scattered components. Previous research has shown that classical models (i.e. Rayleigh, Rice, Nakagami-m, Nakagami-q, Hoyt, etc.) are able to fit the behavior of signal fading in traditional wireless scenarios [1] . Nevertheless, the advent of new wireless applications with unique characteristics combined with the need for improved accuracy in the fit now call for more sophisticated models that can better reflect the specific propagation effects that affect the radio signal. In this sense, models such as the Rician-shadowed, κ-µ shadowed, and many others have been proposed as a generalization of more classical models [2] - [7] .
One of these wireless applications of emerging interest is that of body-centric communications [8] where at least
The associate editor coordinating the review of this manuscript and approving it for publication was Jiayi Zhang. one of the system transducers is physically located on the body of a person, which acts as a final node or as a relay in a network by employing device-to-device (D2D) communications [9] . Whatever the type of body-centric application, e.g. on-body, off-body or body-to-body, the link is subject to body shadowing when one or more parts of the human body obscure the main signal path between transmitter and receiver. This phenomenon has also been reported in short-range indoor millimeter communications [10] and vehicle-to-vehicle communications [11] . Body-centric experimental measurements conducted in [8] , [9] , [11] , [12] reveal fading distributions with bimodality. In other words, they show two separate peaks where the highest can be either the first (left-sided bimodality) or the second (right-sided bimodality). The bimodality may arise from the movements of the body or a part of it between two different positions, e.g. rotation of the body, movement of arms while walking, etc.
Since all of the classical fading models are unimodal, they are unable to produce a good fit in body-centric scenarios as do bimodal fading models such as the well-known two-wave with diffuse power (TWDP) [13] or the fluctuating two ray (FTR) [13] - [16] . However, even these distributions may fall short when fitting the experimental data since they only exhibit one-sided bimodality. Although more elaborate models that exhibit two-sided bimodality can be found in the literature [17] , [18] , this is at the expense of an enormous increase in computational complexity.
This paper presents the alternate Rician shadowed (ARS) fading model that allows two-sided bimodality (left or right) with extremely low mathematical complexity. Closed-form expressions for the probability density function (PDF), cumulative distribution function (CDF), and moment generating function (MGF) are derived, and a significant simplification of these functions is also provided for the case of the shadowing parameter m is an integer. In this work, these functions are used to analyze the performance of wireless communication systems in ARS fading channels, based on system performance metrics such as the outage probability, the ergodic capacity, and the bit error rate. Moreover, this model is used to fit the experimental measurements performed in the body-centric wireless system reported in [8] . These results are compared to those obtained by the author, who used a unimodal fading model, known as new shadowed fading (NSF). Also included in this paper are the results of the fit with the FTR model as well as with the (unimodal) κ-µ/inverse Gamma composite fading model, which was proposed in [11] as an improvement of the NSF and later models [8] , [12] . As expected, the ARS model provides a better fit.
In summary, the main contributions of this paper are the following:
1) An innovative fading model (ARS) is proposed, which presents two-sided bimodality and comprises the classical Rayleigh, Rice, Nakagami-m and Hoyt models as specific cases. 2) The model is used to fit fading measurements conveyed in a body-centric wireless system, thus yielding an improvement in fit with respect to previously reported results. 3) Tractable exact closed-form expressions for the main probability functions are provided. As a derivative result, wireless-signal-communication performance metrics such as outage probability, ergodic capacity and bit error rate are obtained.
II. PHYSICAL MODEL
The proposed model is physically inspired in a reference scenario in which the channel Line-of-Sight (LoS) component switches over time between two different configurations. More specifically, the first possible LoS component configuration is present with probability p and the second configuration is present with the complementary probability 1 − p. In a simplified version of our proposed model the complex baseband signal V r at the receiver can be expressed by the following simple mixture model
where A is a Bernoulli random variable which takes the value 1 with probability p and the value 0 with probability 1 − The model presented in (1) includes the basic statistical models as particular cases. When p = 0 or p = 1, the Rician fading model is obtained, whereas for V 1 = V 2 = 0 the specular component vanishes resulting in a Rayleigh fading model. Our proposed channel model is a generalization of (1) by considering fluctuating LoS amplitudes. In many real scenarios, such fluctuations model physical propagation phenomena and allow us to obtain better fits to field measurements. The most popular way of modeling LoS fluctuations was originally proposed in [2] by the Rician shadowed model. The same idea was used in [4] to propose the κ -µ shadowed model as a generalization of Yacoub's model [3] . Here, the term 'shadowing' is not necessarily linked to the large-scale fading phenomena (which is also called shadowing). On the contrary, its meaning is more general and refers to LoS fluctuations. By considering the amplitudes of the LoS components in (1) to be modulated by a Nakagami-m random variable ξ with E[ξ 2 ] = 1 as in [2] , [4] , we can write
where ξ is a unit-mean Gamma distributed random variable with PDF
Expression (2) models a channel in which two alternative Rician shadowed types of fading can be observed (only one at a time); each one has its corresponding total power 1 and Rician parameter 
respectively for i = 1, 2. It is thus called Alternate Rician Shadowed (ARS) distribution. For the particular case of p = 0 or p = 1 ARS corresponds to the Rician shadowed fading model, which in turn includes basic fading models such as Rice (m → ∞), Rayleigh (K i = 0), Nakagami-m (K i → ∞) and Hoyt (m = 1/2) [5] . In order to analyze the ARS model, it is useful to introduce the following definitions:
that can be interpreted as the average power and the average Rician factor of the ARS model, respectively. Fig. 1 shows an example of an ARS fading scenario where the transmitter is located at the right-waist of a person and the receiver is located at the left-wrist corresponding to a bodyto-body system configuration. The natural movement of the arms when walking determines two preeminent states of shadowing of the main LoS signal giving rise to the bimodal characteristic of the statistical model.
III. FUNDAMENTAL STATISTICS
In this section we will derive the fundamental statistical functions, i.e. PDF, CDF and MGF of the channel power envelope X = |V r | 2 . Interestingly, the statistical characterization of the proposed ARS model leads to simple closed-form expressions, especially when the m parameter is restricted to be a positive integer.
The ARS model is characterized by a mixture of Rician shadowed distributions; thus, our starting point are the fundamental statistical functions of the Rician shadowed fading model. We will distinguish between two cases: m is a positive real number and m is a positive integer number.
Case I (m is a positive real): The PDF, CDF and MGF of the Rician shadowed power envelope X are given by [1] , [19] 
where = E[X ], K is the Rician factor, m is the shadowing parameter, 1 F 1 is the confluent hypergeometric function and 2 is the bivariate confluent hypergeometric function [20] . Case II (m is a positive integer): when the parameter m is restricted to be a positive integer, the PDF and CDF are given by [19] 
where the parameters are defined as in case I and L m n are the Generalized Laguerre Polynomials [20] . As can be observed, the computational complexity of the PDF and CDF expressions in (8) is extremely simplified for integer m since the confluent hypergeometric functions in (8) turn into polynomials multiplied by exponential functions in (9) .
From (8) or (9) the PDF, CDF and MGF for the ARS model are given by the following compact expressions
99930 VOLUME 7, 2019 where p is the probability of observing the Rician shadowed distribution with parameters 1 , K 1 and m, 1 − p is the probability of observing the Rician shadowed distribution with parameters 2 , K 2 and m, while and K are given by (6) and (7) .
Two clarifications are necessary to grasp the features of the ARS statistical functions given in (10): 1) The connection between 1 and the parameters¯ ,K and K 1 is established by noting that 2 / 1 = 1+K 2 1+K 1 and using both (6) and (7); after some simple algebra it leads to 1 =¯ · .
2) The ARS distribution has the scaling parameter = E[X ] where E[·] stands for the statistical expectation. In addition, it has four free dimensionless shape parameters K 1 , K 2 , m and p. Note that although K also appears in (10), this parameter is fixed by K 1 , K 2 and p. Despite of having four shape parameters they are easily interpreted from the physical model: K 1 and K 2 are related to the strength of the observed LoS for each underlying Rician shadowed channel, p models the probability of observing such underlying channels and m is directly related to the fluctuation distribution of the LoS components. Expressions given in (10) refer to the received signal power envelope X = |V r | 2 . The PDF and CDF expressions for the received signal envelope r = |V r | can be directly obtained by a simple change of variables, i.e. r = √ X . This does not alter the two-sided bimodality of the model although it is observed that in some cases, the sense of the bimodality changes from left to right or vice versa when considering envelope instead of power envelope. Either way, two-sided bimodality is preserved.
In the next set of figures, the impact of the different parameters of the ARS distribution on the shape of the PDF (as a function of the signal envelope r) is shown. We first set fixed values for the parameters = 1, K = 10, m = 50 and let K 1 /K 2 and vary p to generate Fig. 2 . As it can be seen, the ratio K 1 /K 2 controls the separation between both peaks, while parameter p changes their relative amplitudes and therefore, determines the sense of the bimodality (right or left). In Fig. 3 we consider K 1 /K 2 = 5, p = 0.75, m = 50, and modify K . Notice that the PDF lobes sharpen as K grows according to the behavior of the underlying Rician distributions. Finally, in Fig. 4 the parameter values K 1 /K 2 = 5, p = 0.75, K = 10 are set and the shadowing factor m is changed. Observe that as m increases, the lobes also tend to sharpen as it corresponds to a decrease of the shadowing [2] . In this case the influence of m on the PDF shape is more complex, since it also affects the relative level of the peaks.
IV. MODELING AND PERFORMANCE ANALYSIS OF WIRELESS COMMUNICATION SYSTEMS
In the first part of this section the ARS model is used to fit field measurements corresponding to body-centric communication links. The results are compared to those obtained with the most relevant fading models previously considered in section I. In the second part, closed-form expressions for some of the most common performance metrics of a wireless system subject to ARS fading are derived. Such expressions are particularly simple when m is a natural number
A. MODELING OF BODY CENTRIC CHANNELS
As stated earlier, the bimodality of the ARS model can be exploited to improve the fit to some particular fading distributions such as those measured in body-centric wireless systems.
In [8] , empirical PDFs of the received signal envelope in three body-centric communication scenarios are reported: from front-left-waist to right-head (FLW-RH), right-knee (FLW-RK) and right-wrist (FLW-RW). In all of them the empirical PDF exhibits a bimodal (or even multimodal) shape. The author presents the NSF model to fit We have carried out a fit of the ARS model to the empirical PDF of the received signal envelope r for these three scenarios. In fact, two fits have been conveyed with the ARS model: one with real m and other with integer m. For comparison purposes we have also performed a fit with the FTR and with the κ − µ/inverse gamma fading models. This latter one has been recently proposed [11] to model the fading in body-centric systems. The criteria used for the fit is to minimize the mean square error between the empirical and the theoretical PDF. As the empirical PDFs presented in [8] are power-normalized, the parameter of the ARS model is set to 1 in every fit. The shape parameters K 1 , K 2 , m and p have been determined by using an optimization method based on two steps: first, a dense grid of parameter values are considered in order to locate a near optimal solution; then, the first-step solution is used as starting point for the non-linear optimization algorithm. Concretely we have used the Matlab fminsearch function. The same procedure has been applied for the fit of the FTR fading model whose PDF is given in [14, eq. 17] whose parameters K , and m are defined in [14, eq. 3, 5, 6] and also for the fit of the κ − µ/inverse gamma fading model whose PDF can be found in [11, eq. 3] with parameters κ, µ and m s . Tables 1 -4 show the resultant fitting parameters for the κ − µ/inverse gamma, FTR, ARS (integer m), ARS (real m) model respectively. In table 5 the corresponding relative error (percentage of the root mean square error between the theoretical and the empirical PDF with respect to the root mean 
TABLE 4. ARS fitting parameters (m ∈ R).
FIGURE 5. Empirical PDF for FLW-RH scenario presented in [8] and fitted PDFs using NSF, κ − µ/inverse gamma, FTR and ARS fading models. square value of the empirical PDF) is shown for each fading model. Fig. 5 shows the empirical PDF for the FLW-RH scenario and the fitted PDFs using the different fading models under consideration. Since the empirical PDF is right-sided bimodal, the fit that is obtained with the NSF and κ − µ/ inverse gamma (unimodal) models is worse than that obtained with the FTR and ARS (bimodal) models. With respect to the FTR model, although it can adopt a right-sided bimodality, the fit with the ARS model is appreciably better. These qualitative assessments are corroborated by the corresponding error values shown in table 5. . Empirical PDF for FLW-RK scenario presented in [8] and fitted PDFs using NSF, κ − µ/inverse gamma, FTR and ARS fading models.
FIGURE 7.
Empirical PDF for FLW-RW scenario presented in [8] and fitted PDFs using NSF, κ − µ/inverse gamma, FTR and ARS fading models.
The same behavior is observed in Fig. 6 which corresponds to the FLW-RK scenario where the empirical PDF exhibits left-sided bimodality. It is worth noting that in this case, the fit with the FTR model is relatively worse than that obtained in the previous scenario because it can not adopt a left-sided bimodality. The fit with the ARS model significantly outperforms the rest. Finally, Fig. 7 shows the empirical PDF for the scenario FLW-RW which exhibits three modes. Attending to the two main peaks this PDF could be classified as left-sided bimodal. Again the NSF, κ − µ/inverse gamma and FTR models fall short in the fit and the ARS model prevails.
Returning to table 5 see that the relative error is smaller for the ARS model in all cases although the difference is more significant in the last two scenarios where the empirical PDFs have a left-sided bimodal shape. See that the fit error does not significantly increase by forcing m to be an integer in the ARS case. This means that the computationally simple ARS model for integer m can be used with negligible loss of performance.
B. PERFORMANCE ANALYSIS WIRELESS COMMUNICATION SYSTEMS
In this section three performance metrics for a system operating under ARS fading are addressed. Throughout the section we will assume that m is an integer which will lead to simple closed-form expressions. Since the metrics are defined as a function of the received signal-to-noise ratio (SNR), some additional definitions must be made. The instantaneous, average and partial average SNR are denoted as γ , γ and γ i for i = 1, 2 respectively and are defined as γ = N is the noise variance. Additionally, it is convenient to consider the ratio i = γ i γ for i = 1, 2 which will be referred to as the relative partial average SNR. Using eqs. (4) to (7), i can be expressed as
As a first step for obtaining closed-form expressions for the performance metrics it is convenient to rewrite the ARS PDF in (10) as a function of γ and γ which yields
where f RS (γ ; ·, ·, ·) for integer m is obtained from (9) by applying the simple change of variables γ = X /σ 2 N = γ X / which relates the SNR γ with the signal power envelope X .
Next, in order to have an explicit expression for the performance metrics we can substitute the expression of the Laguerre polynomials [20] in (9) and then (9) in (12) . The same explicit expression can be reached by using an alternative and more clarifying approach which consists in exploiting the fact that the RS model is a particular case of the κ − µ shadowed model. Using the general expression of the κ − µ shadowed for integer m [21] , we can write (13) where f K (γ ;γ , m) is the squared Nakagami-m distribution defined as
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Expression (13) corresponding to the PDF of the ARS model for integer m is used in the next subsections to determine the system performance metrics.
1) OUTAGE PROBABILITY
The outage probability P o of a fading channel is the probability that the received signal SNR γ falls below a certain SNR threshold η, i.e. P o Prob [γ ≤ η]. Using (13) we can write
where F K (γ ;γ , m) is the CDF of the squared Nakagami-m with natural m that can be expressed as [1, Table 9 .5]
and where (·, ·) is the upper incomplete gamma function [20, Eq. 8.352.2] . Fig. 8 shows P o versus γ for η =10dB, m = 3, p = 0.5 and {K 1 , K 2 }(dB) = {0, 0}, {10, 0} and {10, 10}. Theoretical values obtained using (16) are depicted along with Monte Carlo simulations. Observe that for high SNR, an increment in the Rician factors from {0, 0} to {10, 10} yields a reduction in P o . This fact could be expected since both LoS components grow in relation to the corresponding diffuse one. However, this assessment does not hold if the increment takes place in only one of the factors, i.e. when going from {0, 0} to {10, 0}. This counter-intuitive behavior is ultimately caused by the average power normalization that we have adopted in the definition of the ARS fading model. To be more precise, an increment in only one of the Rician factors, i.e. K 1 (or in general a unequal variation of both) may turn into a severe non-symmetric variation of both relative partial average SNR 1 and 2 of both RS components. The global performance improvement due to the increase of K 1 and 1 may not compensate for the negative effect of the decrease of 2 . This is better understood with the help of a numeric example. Let p = 0.5 and let consider the two scenarios {K 1 , K 2 }(dB) = {0, 0} and {10, 0}. Using (7) in (11) it is easily corroborated that 1 increases from 0 dB to 2.63 dB while 2 decreases from 0 dB to -7.78 dB. This explains why the outage probability curve corresponding to
, 0} is below the curve corresponding to {10, 0} for any γ . This behavior is also encountered in the two other metrics under study, as shown next.
2) ERGODIC CAPACITY
The ergodic capacity C e [nat/Hz] of a wireless fading channel is defined as [22] C e E log (1 + γ ) .
Substituting (13) 
where
for n a natural number and µ > 0.
In Fig. 9 the ergodic capacity C e is plotted as a function of γ for the same combination of parameters used in Fig. 8 . The solid lines in Fig. 9 correspond to the evaluation of the theoretical expression (19) and the markers correspond to evaluation of (18) by Monte Carlo simulation. Notice that the somehow paradoxical behavior detected in the outage probability analysis also manifests in this case. An increment of C e would be expected as the Rician factors grow, as it happens when {K 1 , K 2 }(dB) change from {0, 0} to {10, 10}; but again, a reduction is observed if only one of them increases. Nonetheless, this performance reduction is much less evident in relative terms than that experimented by the outage probability.
3) BER ANALYSIS
In this subsection we consider a wireless communication system under ARS fading and (circularly symmetric) Gaussian noise. We assume square M-QAM modulation with independent (Gray) mapping of bits for the real and imaginary parts of the symbols. This is a very common modulation scheme known as generalized-QAM. Assuming coherent detection the bit error probability is given by [23] 
where M is the number of symbols, {α(i), β(i)}
are modulation-dependent constants defined in [23] and f γ (γ ) is the fading PDF. Substituting f γ (γ ) by (13) Fig. 10 depicts the theoretical BER computed using (21) and the BER obtained by simulation for M = 64 and the same channel configurations used in figures 8 and 9. See that the BER improves when both Rician factors grow. This is due to an increment of both LoS components with respect to the diffuse components in both underlying RS fading models. Once again, the system performance deteriorates (in this case the BER considerably increases) when only one of the Rician factors is incremented. The reason for this seemingly contradictory behavior was explained in the context of outage probability in section IV-3.
V. CONCLUSION
In this work, the novel ARS fading model consistent in a mixture of two Rician shadowed fading models is introduced. By properly selecting the parameters the distribution may exhibit left-sided or right-sided bimodality what makes it suitable for fitting bimodal fading behaviors such as those measured in body-centric wireless applications. The key advantage of the ARS model relies in its high mathematical tractability as opposed to other fading models that allow the same arbitrary bimodality. The model has been used to fit field measurements resulting in an considerable reduction of the fit error as compared to previously reported results. Additionally, an analysis of system performance under ARS fading conditions has been conveyed in terms of outage probability, ergodic capacity and bit error rate.
